We present a novel near-ambient-temperature approach to telechelic renewable polyesters by exploiting the unique properties of supercritical CO 2 (scCO 2 ). Bio-based commercially available monomers have been polymerized and functional telechelic materials with targeted molecular weight prepared by end-capping the chains with molecules containing reactive moieties in a one-pot reaction. The use of scCO 2 as a reaction medium facilitates the effective use of Candida antarctica Lipase B (CaLB) as a catalyst at a temperature as low as 35 • C, hence avoiding side reactions, maintaining the end-capper functionality and preserving the enzyme activity. The functionalized polymer products have been characterized by 1 H nuclear magnetic resonance spectroscopy, matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry, gel permeation chromatography and differential scanning calorimetry in order to carefully assess their structural and thermal properties. We demonstrate that telechelic materials can be produced enzymatically at mild temperatures, in a solvent-free system and using renewably sourced monomers without pre-modification, by exploiting the unique properties of scCO 2 catalysts at temperatures as high as 230 • C [56, 57] , which are required to melt the diacid and activate the catalyst.
In our near-room-temperature enzymatic polycondensations, the molecular weight of the chains was targeted by using functional end-cappers. Namely, sorbic alcohol (SA), 12-hydroxystearic acid (HSA), 2-hydroxyethyl methacrylate (HEMA) and trimethylolpropane oxetane (TMPO) were used (figure 2). These molecules contain one moiety able to undergo condensation and another one useful for further reaction (e.g. cross-linking or chain extension). In more detail, SA is a diene that can undergo Diels-Alder addition and thiol-ene click chemistry, HSA contains a secondary hydroxyl group that can be cross-linked with isocyanates, HEMA is characterized by a double bond that can be radically reacted, and finally TMPO is an oxetane derivative that can be ring-opened by using a Lewis acid.
Furthermore, SA is a naturally occurring molecule and HSA is produced through hydrogenation of castor oil; hence, the bio-content of the polymers obtained with these two functionalizers is 100%.
We hypothesized that combined use of CaLB and scCO 2 , and consequent mild temperature, would ensure minimal side reactions, thus preserving the end-capper functionality. Furthermore, our aim is to show that the enzyme can be re-used without loss of activity.
Therefore, in this paper, we show that thanks to scCO 2 it is possible to prepare a range of green functional materials with targeted degree of polymerization (DP) through enzymatic syntheses at near-room-temperature conditions and without pre-modification of the monomers. This route could be particularly valuable for all those applications where the incorporation of thermally labile functional groups or additives (e.g. proteins, drugs, hormones, etc.) is desired. Thus, our aim is to exploit the unique properties of scCO 2 to prepare green functional materials through a novel low-temperature approach.
Experimental (a) Materials
All chemicals and solvents were purchased from Sigma Aldrich (UK), unless otherwise indicated. In a typical procedure, the diacid (10.20 mmol), diol (7.65 mmol) and one end-capper chosen from SA, HEMA and TMPO (5.10 mmol) were added to the stainless steel reaction autoclave (60 ml) [35, 37] , along with enzyme and fresh molecular sieves (3 Å, particle size 1.6-2.5 nm) (25% by weight of each relative to the total amount of monomers and end-cappers). The vessel was then sealed and pressurized up to 50 bar. The temperature was then raised to 35 • C, the pressure stabilized at 275 bar and the reaction left to run for 24 h while stirring at 100 r.p.m. To avoid polymer foaming and consequent tubing blockages [25] , the reactions were stopped by cooling the vessel in a water/ice bath (0 • C) and the CO 2 was vented when the pressure went below 20 bar. Finally, the product was dissolved in 6 ml of toluene and filtered to remove the enzyme and sieves. Filtered solutions were dried at 40 • C under reduced pressure, leaving solid polymeric products. Product yield was calculated by dividing the dry product mass by the theoretical mass. When using HSA as an end-capper, an excess of diol was used in order to obtain -OH functional chains able to react with the hydroxy fatty acid. Therefore, 10.20 mmol of diol and 7.65 mmol (DP 3) of diacid were used. The reaction conditions and purification procedure were as described above.
The reactions were performed at least twice to check reproducibility. The naming scheme used in this paper is detailed in table 1. The reaction schemes are shown in figure 3.
(ii) 1 H and 13 C nuclear magnetic resonance (NMR) analysis NMR analyses were conducted on a Bruker DPX300 spectrometer in CDCl 3 (20 mg ml −1 ). The number of scans was 16 for 1 H (300 MHz) and 4096 for 13 C (75 MHz). Conversion and chain lengths were analysed through monomer peak and end-group analysis. The chemical shifts were reported in parts per million (ppm) with respect to residual solvent peaks (7.26 ppm for 1 H and 77.36 ppm for 13 C) [58] .
(iii) Gel permeation chromatography (GPC)
The molecular-weight distributions of the samples were analysed using a Polymer Laboratories GPC 50 with a refractive-index detector and calibrated with poly(styrene) standards. The machine was equipped with a PL aquagel-OH 5 µm guard column followed by two PL aquagel-OH 20 5 µm columns. The samples were run in CHCl 3 Chromasolv (5 mg ml −1 ) at a flow rate of 1 ml min −1 . CIRRUS software was used for analysis.
(iv) Differential scanning calorimetry (DSC)
DSC analyses were performed using a TA-Q2000 DSC (TA Instruments, USA) calibrated with sapphire and indium standards. In a standard experiment, the sample (2.00 ± 0.10 mg) was melted with a first heating scan up to 100 • C (10 • C min −1 ) and cooled down to −90 • C (10 • C min −1 ). A second heating scan up to 100 • C, with the same heating rate, was then carried out to detect the melting point. Isothermal 5 min segments were performed at the conclusion of each ramp. The experiments were carried out under a N 2 flow (50 ml min −1 ). The T m was taken as the maximum of the endothermic peak. Each experiment was repeated three times and the results are shown as the average ± 1 standard deviation.
(v) Matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF)
MALDI-TOF analyses were performed using a Bruker UltraFlex III. DCTB (i.e. trans-2-[3-(4-tertbutylphenyl)-2-methyl-2-propenylidene]malononitrile) was used as a matrix with Na + and K + as cations. The analyses were performed in reflection mode with laser intensity normally below 40%. For the sample preparation, 20 µl of a solution of polymer in CHCl 3 (10 mg ml −1 ) were mixed with 20 µl of a DCTB solution in acetonitrile (10 mg ml −1 ) and 0.5 µl of sodium and/or potassium trifluoroacetate in acetonitrile (5 mg ml −1 ); 1 µl of this mixture was spotted on the target plate and left to dry at room temperature. a Calculated according to the reagent ratios. b Determined through 1 H-NMR from the ratio between the integrals of the peaks of the polymer backbone and the end-group peak. c Yield = weight of collected product/theoretical weight. d Determined through 1 H-NMR from the ratio of the 1,6-hexanediol peak at 3.65 ppm and the polyester peak at 4.10 ppm.
Results and discussion
(a) Low-temperature enzymatic route to telechelic poly(hexylene azelate) in scCO 2
Azelaic acid is a commercially available bio-based monomer, which has been exploited for polyester synthesis. In the current literature, the polymerizations are typically performed by using metal catalysts at temperatures higher than 200 • C [56, 57] . For the purpose of producing polymers with tailored functionalities, it is important to carry out selective polymerization, hence a low temperature will be of great significance. This is particularly important for all those applications where thermally labile chemical groups (e.g. unsaturated ones) or bioactive molecules must be incorporated into the polymer. Therefore, our approach is to use scCO 2 as the reaction medium for the production of a variety of telechelic polyesters based on azelaic acid, to demonstrate that it is possible to exploit a lowtemperature enzymatic route to synthesize functional polyazelates without pre-modification of the monomer and in a solvent-free system.
The reactions were carried out at 35 • C, targeting the molecular weights by carefully controlling the monomer and end-capper feed ratios. Once the autoclave was vented, crystallized white products were collected. After separation of the enzyme/molecular sieves and drying, light yellow/white solid polymers were obtained (electronic supplementary material, figure S1 ).
All the reactions provided product in good yields and almost quantitative conversions (table 2) . Furthermore, enzyme-recycling tests showed that the lipase activity is not compromised during the high-pressure reactions and the commercially found enzyme can be re-used without loss of activity (electronic supplementary material, figures S2 and S3).
The conversion of each reaction was analysed by monitoring the peaks relative to 1,6-hexanediol in its pristine form (protons adjacent to the alcohol group) and when incorporated into the polymer backbone (protons adjacent to the ester group). All the reactions showed high conversion (greater than or equal to 96%) but it is worth pointing out that any polymers terminated with an alcohol group do also give a peak at 3.65 ppm and this does lead to a small underestimation of the conversion. MALDI-TOF data do show that there is a component of polymer that is alcohol-terminated in PHA-TMPO (figure 9).
(b) Thermal properties DSC analyses allowed for the determination of the thermal properties of the telechelics. The T m and the enthalpy of fusion ( H f ) of the products can be seen to change significantly when varying the end-capper (figure 4).
It is well known that the thermal properties of low-molecular-weight polymers can be strongly influenced by the end-groups [59, 60] . Different end-groups can result in different crystallization behaviours, therefore resulting in varied H f and T m [61] . In more detail, the sharpest and largest endothermic peaks are shown by the HSA and SA functional PHAs, while PHA-TMPO and PHA-HEMA exhibit the lowest T m and H f . This is due to the bulkier structure of the latter end-cappers that alters the crystalline structure more significantly. A similar effect has been observed on phenoxyl-and acetoxyl-terminated low-molecular-weight (1000-3000 g mol −1 ) poly(ethylene oxide) when compared with hydroxyl-, methoxyl-and ethoxyl-terminated chains [62, 63] . In addition, PHA-TMPO exhibits a bimodal melting endotherm. It is well known that in semicrystalline polyesters multiple endothermic peaks, or multimodal melting points, can be detected. This arises from the melting of crystallites with different stability and size, or from crystal reorganization [64] . Therefore, this is the likely explanation for our observation with PHA-TMPO. Finally, it was not possible to clearly identify the T g of the telechelics through DSC. This is common in highly crystalline systems. However, the T g should be expected at around −60 • C, as has been observed by others for similar polyesters, such as poly(butylene azelate) [64] .
(c) Structural characterization
The M n determined from 1 H-NMR is in all the cases close to the theoretical value calculated from the diacid : diols : functionalizer ratios. Thus, we demonstrate that the polymerizations yielded chains with DP within the desired range, suitable for coating applications and cross-linked networks [9, 10, 29] . The M n calculation was performed by use of the integral values assigned to the peaks of the polymer backbone compared with those of the end-group; thus assuming that all differences have been encountered by other groups when using GPC with PSt standards for polyester analysis [9, 11, 65] . Nevertheless, the dispersity values are mostly around 2, which is a value typically expected for linear polycondensations at high conversions and already found by other groups when synthesizing low-molecular-weight telechelics [ The 1 H-NMR spectra clearly show that the end-group functionalities are incorporated into the polymer chains and are unaffected during the synthesis mainly as a result of the low reaction temperature (35 • C) achieved by using scCO 2 . It is well known that at higher temperatures (greater than 85 • C) side reactions involving acrylate, methacrylate and oxetane moieties do occur [27, 67] . In addition, it is known that the selectivity of CaLB towards primary alcohol is significantly reduced above 100 • C, thus leading to branching when monomers or end-capper with secondary -OH groups are exploited [65] . Therefore, lower-temperature approaches are highly desirable when using CaLB.
Furthermore, it is clear that in the spectrum of PHA-HEMA, in addition to the expected peaks, additional features can be assigned to different species (figure 6b). This probably occurs because CaLB interacts with the carbonyl group of HEMA, forming a tetrahedral intermediate followed by the formation of an acyl-enzyme complex. This step is then followed by the release of ethylene glycol, which goes on to react with another acyl-enzyme complex formed with azelaic acid. Therefore, ethylene glycol units can be inserted in the telechelic backbone rather than at the end ( figure 6b, peak d ) . Equally, the acyl-enzyme complex with the methacrylate group can react with 1,6-hexanediol and, therefore, the methacrylate group will then be attached directly to it (figure 6b, peak e).
Finally, the same acyl-enzyme complex can react with HEMA forming the diester ethylene glycol dimethacrylate (EGDMA) (figure 6b, peak f), although less than 4% of this species is detected through 1 H-NMR. This is a clear demonstration of the dynamic nature of lipase-catalysed reactions. CaLB is continuously cleaving ester linkages and creating new ones, thus causing the migration of ethylene glycol units throughout the polymer chains as shown in figure 6b and as reported in the literature [9] .
Further verification of the end-group structures was obtained by MALDI-TOF analyses. These measurements confirmed successful enzymatic polymerization and functionalization. Several series of peaks with a repetitive pattern of 270.4 g mol −1 are detected for all the polymers, hence confirming the structure of the hexylene azelate repeating units.
In more detail, the spectrum of PHA-SA clearly shows two main series that can be assigned to the difunctional polymer (n) (figure 7). Only one peak with very low intensity assigned to a By contrast, the MALDI-TOF spectrum of PHA-TMPO shows several different series ( figure 9 ). The main one (n) is given by the chains carrying oxetane moieties at both ends. In addition to this, two other distributions are detected. Both of them are assigned to non-functional AB-type polymer chains; one terminating with an alcohol and a free acid end (m), the other (*) with an alcohol and a sodium carboxylate end-group formed in the MALDI-TOF sample preparation. Sodium carboxylate end-groups have been observed before in the mass spectrum of similar systems [9] . Although the intensity of the AB-type polymer peaks is quite high, it should be noted that this analysis is not quantitative; thus the size of the peaks does not indicate absolute quantities but only how effectively different fragments are ionized and fly down the MALDI-TOF [11, 68] . In fact, the non-functional AB-type chains represent around 18% of the product, as calculated from 1 H-NMR by analysis of the ratio between the peaks at 4.20 ppm and 3.65 ppm (figure 6a). Therefore, the targeted telechelic polyester represents more than 80% of the final product.
Finally, the spectrum of PHA-HEMA shows once again the dynamic nature of lipase-catalysed polyesterifications (figure 10). Five different species can be identified: three are difunctional and two monofunctional. These structures are differentiated by the presence or the absence of ethylene glycol units, thus confirming the 1 H-NMR results described previously (figure 6b). Nonetheless, non-functionalized structures were not detected; therefore, all the polymer chains that are produced can participate in radical cross-linking reactions leading to useful functional materials.
Conclusion
We demonstrate a low-temperature approach using scCO 2 that allows us to exploit CaLB as a catalyst to synthesize four different telechelics by using azelaic acid and 1,6-hexanediol as building blocks of the backbone. This would not have been possible with conventional routes because of the high temperatures required to melt the monomer and activate metal catalysts. Furthermore, suitable solvents for the polycondensation are not available because of the insolubility of azelaic acid in apolar solvents. By use of CO 2 and the enzyme, we achieved remarkably high yields and monomer conversion at low temperature (35 • C).
The chemical structures have been confirmed by 1 H-NMR and MALDI-TOF analyses, showing that all the products were successfully functionalized in a one-pot reaction.
The combined use of CaLB and scCO 2 (and consequent mild temperature) also avoids competing side reactions involving the end-group functionalities. Furthermore, enzyme-recycling tests demonstrate that the catalyst activity is not compromised during the high-pressure reactions and the immobilized lipase can be re-used without loss of activity.
The synthesized telechelics are valuable and could be exploited for further modification, cross-linking or chain extension processes. Therefore, we demonstrate by exploiting the unique properties of scCO 2 that it is possible to synthesize useful renewable materials without the need for high temperatures, large amounts of conventional solvents or pre-modification of the monomers. This route could be especially valuable for applications involving the incorporation of thermally labile functional groups and/or molecules (e.g. proteins, drugs, etc.).
Solvents, in small amount, were only used to separate the polymers from the enzyme beads. This could in principle be achieved by use of scCO 2 as a plasticiser, to effectively liquefy the polymer and accomplish the separation [25] . This process will therefore lead towards a fully green, solvent-free, low-temperature route for the synthesis of renewable functional polyesters in scCO 2 . Such an approach would be of great importance in the production of functional materials for biomedical applications.
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